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位特征，基于 QM/MM 分子动力学模拟以及力匹配(Force Matching)方法，我们
发展了一个可迁性好的非键模型下的 SLEF1 力场，可以用于金属锌酶体系中 Zn
配位结构的模拟。 
    本论文获得的主要结果如下： 
(1) 建议了 PfPGI 催化醛糖(G6P)-酮糖(F6P)互变异构的两性离子(zwitterion)
中间体机制，亦即经由质子转移和氢负(hydride)转移来实现醛糖-酮糖的可逆互变
异构。一旦两性离子中间体形成，接下来的 H 转移有两种可能性：如果在保守
残基 Tyr152 协助下，发生从 C1 到 C2 位的氢负转移，将生成产物 G6P；如果发
生从 C1 到 O1 位的质子转移，则通过 Zn2+ 以及与 Zn2+ 相连的水链可以完成底
物与溶剂间的氢交换。反应中，保守残基 Glu97 和 His158 扮演广义酸碱的角色，
调控底物和周围残基间质子转移过程，驱动两性离子中间体的形成，从 C1 到 C2
位的氢负转移是整个异构化过程的决速步骤。位于活性口袋底端的保守残基




(2) 研究了 P. stutzer L-RhI 催化醛糖-酮糖互变异构过程的机理，探索了两性
离子中间体机制的普适性，测试了 dual-level QM/MM 计算方法的可靠性。计算
表明，残基 Asp327 和 Lys221 作为广义酸碱参与到底物的质子转移和两性中间

















影响，且在 Zn1 位配位结构上的细微差别和底物 4、5、6-位周围氢键网络的差
异与 5 种底物相对活性密切相关。 
(3) 通过 ab initio QM/MM MD 模拟比较，我们发现了两种水解酶在 Zn 配
位结构上的差异性，预测了配体的快速交换和配位模式的改变。尽管 TLN 和
HDAC8 中 Zn 催化位的配位构型大都是易变的(flexible)，但引起这一配位变化的
配体是不同的，在 TLN 中，Glu166 的羧基表现出明显的动态的(dynamic)配位属
性，不断在单配位与双配位间转化，而在 HDAC8 中，Asp 的羧基与 Zn2+ 的配位
很稳定，而水或抑制剂分子与 Zn2+ 的配位则表现得更为灵活易变。 







(5) 针对分子力学难以描述 Zn 配位特征这一棘手的问题，我们设计了一个
SLEF 函数代替传统的 Coulomb 函数，用于合理描述 Zn 与其它原子间的静电相
互作用。基于从头算 QM/MM MD 模拟得到的轨迹，应用 Force Matching 的方法
优化确定了四个参数的合理取值。发展了一种全新的 Amber99SB-SLEF1 力场，
并通过 4 ns的MM MD模拟测试了 7个Zn酶体系，这其中包含了常见的配体(His, 
Asp/Glu, Cys, 和 H2O)以及不同的配位数(4, 5, 6)的 9 个 Zn 配位结构。结果表明，
在绝大多数情况下，SLEF 方案都能正确地描述晶体结构中 Zn 的配位结构、配
位数以及合理的配位距离，并且表现出了很好的可迁性。 
 



















Zinc enzymes play a variety of essential biological roles. Their functions and/or 
structural organizations are critically dependent on the zinc binding site. However, the 
zinc coordination shell is so complicated that an accurate and powerful theoretical 
simulation protocol is highly required in calculation. Herein, we employed QM/MM 
MD simulations to explore four kinds of zinc enzymes, including Phosphoglucose 
Isomerase (PGI), L-Rhamnose Isomerase (L-RhI), Histone Deacetylase 8 (HDAC8), 
and Thermolysin (TLN). Possible mechanisms, corresponding thermodynamic and 
dynamic properties, and the roles of conserved residues in these enzymatic catalyses 
have been investigated based on extensive QM/MM calculations and QM/MM-based 
MD simulations. In consideration of the flexibility (multiple binding modes) and the 
dynamic feature of the zinc coordination, which can not be reasonably described by 
all currently available pair-wise atomic force fields, a transferable non-bonded 
pairwise SLEF1 force field was developed based on ab initio QM/MM MD 
simulations and force matching, and this novel method can reasonably deal with the 
interactions of zinc with other atoms in metalloproteins. 
The main results in this dissertation are summarized as follows: 
(1) We proposed a zwitterionic intermediate mechanism for the isomerization of 
F6P/G6P catalyzed by PfPGI. Once the zwitterionic intermediate is formed, two types 
of hydrogen transfers may occur: one is the hydride transfer from C1 to C2, mediated 
by Tyr152, yielding G6P, and the other is the reversible proton transfer from C1 to O1, 
leading to a precursor to hydrogen exchange between substrate and solvent. The 
conserved residues Glu97 and His158, as the general acid/base, drive initial proton 
transfers between the substrate and surrounding residues, and Tyr152 promotes the 
hydride transfer between C1 and C2, which is the rate-determining step. The 
conserved residues Tyr99, Tyr52, Tyr160, Thr71, Thr85, and Gly87, located at the 















and they are responsible for the critical near-attack reactive conformation effect. The 
Zn2+ ion as a structural anchor constructs a hydrogen bond wire to connect the 
substrate to outer solvent molecules and residues, which may be a potential channel 
for the hydrogen exchange  
(2) A zwitterion intermediate-based mechanism involving proton and hydride 
transfers was suggested for the aldose-ketose isomerization catalyzed by P. stutzer 
L-RhI. The residues Asp327 and Lys221, serving as the general acid and base, 
mediate the proton transfers between the substrate and surrounding residues. The 
barriers for the rate-determining steps, derived from the dual-level MD simulations, 
are 8.9 and 13.6 kcal/mol for the substrates L-rhamnose and D-allose, respectively, 
and the predicted relative reactivity is in agreement with the experimental 
observations. Our calculations show that the residues at the interface from the 
neighboring molecule and the hydrogen bonding interactions around the substrate are 
important for the enzymatic process. Present results suggest that the slight differences 
in the coordination shell of Zn1 and in the hydrogen bond network at the fourth, fifth, 
and sixth positions are responsible for the relative activities of substrates L-rhamnose, 
L-mannose, L-lyxose, D-ribose, and D-allose. 
(3) Extensive ab initio QM/MM MD simulations provide direct evidence for the 
inherent flexibility of the catalytic zinc coordination in both TLN and HDAC8, and 
reveal different coordination modes and fast ligand exchange. For TLN, the 
coordination of the carboxylate group of Glu166 is found to be most flexible, which 
can continuously change between monodentate and bidentate manners dynamically. 
For HDAC8, its zinc coordination to all three amino acid ligands, including two 
carboxylate groups of Asp, is very stable. Its flexibility mainly comes from a 
non-amino acid ligand. 
(4) On the basis of ab initio QM/MM MD simulations, a proton-shuttle 
mechanism for HDAC8 was proposed and confirmed. Our simulations indicated that 
both His142 and His143 are neutral and singly protonated at the Michaelis reactant 
complex. His143 serves as the general base to accept a proton from the zinc-bound 















to the active site, our results revealed that its existence would enhance several key 
catalytic elements in HDAC8, including the substrate binding with zinc ion, the 
basicity of His143, the acidity of zinc ion, and the transition state stabilization by the 
enzyme environment. 
(5) We have introduced a novel practical strategy to meet the challenge in 
describing zinc interactions with coventional force field, in which the short-long 
effective functions (SLEF) were designed to describe charge interactions between the 
zinc ion and all other atoms. A transferable non-bonded pairwise SLEF1 force field 
was developed and evaluated based on MD simulations with the Amber99SB-SLEF1 
force field for seven enzymes with nine different zinc coordination shells having four 
common kinds of ligands (His, Asp/Glu, Cys, and Water) and various coordination 
numbers (4, 5, or 6). Most of MD simulations reproduced the zinc coordination 
numbers and binding distances in the crystal structures, presenting a very good 
transferability. 
 
Keywords:  QM/MM MD simulations; SLEF1 force field; Enzymatic catalysis; 
Zinc enzymes; Phosphoglucose Isomerase; L-Rhamnose Isomerase; Histone 




































由于 Zn2+ 的 d10 饱和电子结构性质，它的化合物一般为无色而且呈现为抗磁
性[9, 10]， 67Zn 形成的化合物的 NMR 谱分布也比较宽比较不敏感，往往只用于
Zn 的小分子化合物的研究[11]。因此，金属 Zn2+离子被称为生物体内的 “光谱安
静(spectroscopically quiet)”金属[12]。这就大大限制了各类实验技术在含 Zn 生物体
系中的应用。目前 Zn 酶的结构多来自 XRD 测定[2, 6]，一方面经常会出现 XRD
晶体结构中金属 Zn 缺失或者无法确定是 Zn 还是其它金属(例如 Fe，Mn)的情况，
再则 XRD 晶体结构只能代表酶的某一静态结构[1, 13, 14]，想获得更为动态的结构
信息，单从实验的角度是很难完全深入理解清楚酶的结构与催化功能的关系的[1, 
13, 15, 16]。 








































鉴于 Zn 酶体系有如此重要的生物学地位，而对 Zn 酶的研究有其内在的实
验技术上的缺陷和手段的受限，理论模拟在这方面就显出它的优势了，而且，目
前可用于生物体系模拟研究的 QM/MM 组合方法也发展得较为成熟。在本论文
中，我们将应用 QM/MM 方法研究四个 Zn 酶体系，并结合力匹配(Force Matching) 
[73-78] 的方法发展一种适用于 Zn 酶体系的力场。拟开展的工作包括： 
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